Information on the accuracy of commercially available electromagnetic (EM) soil water content sensors in a variety of soil types and over a range of volumetric water content (VWC) and salinity levels is still limited. A laboratory study was conducted to evaluate the accuracy of the Acclima Digital Time Domain Transmissometry (TDT) and the Toro Turf Guard Frequency Domain Reflectometry (FDR) sensors in a loamy sand and a loam soil at soil salinity levels from 2 to 18 dS m -1 . Overall linear association between gravimetric and sensor-determined VWC across all salinity levels revealed coefficients of determination between 0.86 and 0.97. In addition to a good linear model fit, a significant quadratic association was also detectable for the TDT sensor in loamy sand at 12 dS m -1 and in loam at 12 and 18 dS m -1 . Overall, both sensors reliably measured VWC in both soil types at all salinity levels, however data suggests that different soil types require separate calibration. Moreover, accuracy of the sensor readings can be further improved if differential calibration is applied for different salinity levels. Regression analysis indicated that with increasing salinity, the Turf Guard sensors showed an upward bias (intercept for higher salinities greater than for 3 dS m -1 ), whereas the TDT sensor exhibited a downward bias (intercept smaller than for low salinitiy levels).
S oil water content sensing, which is mostly used for irrigation scheduling decisions in agriculture, has also gained a wide spread acceptance in landscape and particularly turfgrass irrigation water management (e.g., Quails et al., 2001; Huck and Zoldoske, 2008; Cárdenas-Lailhacar et al., 2010; Cárdenas-Lailhacar and Dukes, 2012) . Quantifying the transient variations of soil water content in the root zone helps understand plant response to water stress and maintain a desired soil water content range in the root zone that is optimal or adequate for turfgrass or other landscape plants growth and quality, and thereby allowing irrigation only when necessary. Continuous monitoring of soil water content for turfgrass and landscape irrigation water management can help stretch limited water supplies, improve water-use efficiency, and achieve better salinity management (Duncan et al., 2009 ). Measurement of soil water content continues to be a critical component of the precision turfgrass management (PTM) approach to address spatial and temporal variability in water requirements (Bell and Xiong, 2008; Carrow et al., 2010) .
As an alternative to the typical gravimetric method (i.e., direct measurement), continuous in situ measurements and estimates of soil water content for use in irrigation scheduling have been accomplished using a variety of indirect, non-destructive field methods and soil water content sensors (e.g., volumetric methods such as the neutron moderation and dielectric or electromagnetic (EM) methods, and the tensiometric methods). The reader is referred to Topp and Ferré (2002) , Or and Wraith (2002) , Topp (2003) , and Muñoz-Carpena et al. (2005) for detailed reviews of these methods and sensors.
Soil water content sensors based on the EM methods are powerful tools for real-time, simultaneous laboratory and field measurements of the volumetric water content (VWC) in soils. All EM sensors estimate the VWC by measuring electrical characteristics of the soil and using a known correlation between the soil bulk permittivity (i.e., dielectric constant) and VWC (Paltineanu and Starr, 1997) . Of the constituents of the soil, the soil bulk dielectric constant is mainly governed by the dielectric constant of liquid water (» 81), as compared with the much smaller dielectric constants of other soil constituents (e.g., 2-5 for soil minerals, 3.2 for frozen or bounded water, and 1 for air) (Muñoz-Carpena et al., 2005) . Therefore, changes in the VWC have the most significant effect on the dielectric constant of bulk soil. The common approach to establish a relationship between the soil bulk dielectric constant and VWC employs empirical equations such as the Topp equation (Topp et al., 1980) that are simply fitted to the observed data. The principles of the EM methods for estimating the VWC from the bulk relative dielectric permittivity can be found elsewhere (e.g., Topp and Ferré, 2002; Jones et al., 2002; Robinson et al., 2003) .
The EM sensors are generally classified as either time domain reflectometry (TDR; Topp et al., 1980; Topp and Ferré, 2002) and TDT (Topp et al., 2001; Harlow et al., 2003; Hook et al., 2004) or FDR (or capacitance) sensors (Dean et al., 1987; Paltineanu and Starr, 1997; Kelleners et al., 2004) . Time domain transmissometry and particularly its precursor TDR, which are generally known to be of higher accuracy, measure the time required for an EM pulse to propagate along a transmission line that is surrounded by the soil. The travel time is related to the soil dielectric constant and a calibration equation relates the dielectric constant to the VWC. Time domain reflectrometry measures the travel time based on reflected waveforms, whereas TDT measures the transmitted impulse. Time domain transmissometry method measures the time for an EM pulse to propagate one-way along a transmission line. In the frequency domain technique used in capacitance and FDR sensors, the capacitor is connected with an oscillator to form a tuned electrical circuit and changes in the circuit operating frequency detects the changes in soil water content (Muñoz-Carpena et al., 2005) . Capacitance sensors determine the dielectric permittivity of a soil by measuring the charge time of a capacitor in that soil. The oscillator frequency is controlled within a certain range in FDR to determine the resonant frequency, a measure of soil water content in the soil. The relatively low cost of capacitance or FDR sensors enhances their popularity for turfgrass irrigation management. In recent years, FDR units, which transmit soil water content readings wirelessly, have opened new possibilities for an efficient management of irrigation water by monitoring and processing real-time, continuous soil water content data from long distances.
Generally, an EM sensor that displays a direct reading of the VWC is provided with a calibration by the sensor manufacturer. This factory calibration, which is commonly performed under controlled laboratory conditions, may not be consistent across all soil types and can cause errors if applied unilaterally to all soil conditions (Hignett and Evett, 2008) . When used in the field, variations in temperature, salinity, and soil properties may affect the manufacturer's calibration. Yet, as for any types of soil water content measurements using EM sensors, there is continued research interest in evaluating whether the VWC can be estimated accurately with the calibration equation either supplied by the sensor manufacturer or reported in the literature.
As part of a comprehensive effort to conserve potable water, recycled or reclaimed or other saline waters from various wastewater sources are being increasingly used for turfgrass and landscape irrigation, especially in semi-arid and arid regions suffering from droughts and increased water scarcity. The measurement of soil water content with EM sensors is highly dependent on the electrical conductivity (EC), an indicator of soil salinity (Hook et al., 2004; Cardenas-Lailhacar and Dukes, 2014) . Irrigation water with high salt content increases soil's natural salinity, raises the permittivity of the soil, and hence affects the estimated dielectric permittivity especially when EC exceeds a certain threshold. Evaluation of different EM sensors in saline soils, which has been repeatedly addressed over the years, has yielded contrasting results in different studies. Leinauer and Green (2011) reported that TDR and FDR sensors exhibited a high accuracy at soil salinity levels (i.e., EC of the saturated soil paste extract) lower than 4 dS m -1 , but accuracy dropped at salinity levels >4 dS m -1 unless a rod length of 10 cm or shorter were used. Thompson et al. (2007) found that the soil water content measurement obtained using a capacitance sensor was sensitive to changes in soil salinity when EC of the pore water (i.e., the soil water) was higher than 1.8 dS m -1 . Hook et al. (2004) reported no apparent salinity-induced errors in soil water content measurements determined using the TDR at soil salinity levels (EC of the pore water) as high as 25 dS m -1 . When comparing TDR and FDR sensors, Hamed et al. (2006) found that soil water content readings obtained using FDR sensor were significantly influenced by the soil type but only slightly affected by the soil salinity levels using three different soil solution EC levels of 0.70, 1.46, and 1.88 dS m -1 . As reported by Muñoz-Carpena et al. (2005) , the operating frequency of FDR sensors below 100 MHz changed the bulk permittivity of soil minerals, and consequently, soil water content measurements using FDR sensors were affected by temperature, salinity, bulk density, and clay content. Kelleners et al. (2004 Kelleners et al. ( , 2005 suggested that empirical calibration of capacitance probe and TDR sensors remains the only option to overcome the effects of salinity when measuring soil water content in saline soils. Recently, CardenasLailhacar and Dukes (2014) reported that the TDT sensor was not sensitive to changes in salinity, particularly with no reading variations in estimating soil water content when exposed to a combination of three temperatures (10, 25, or 35°C) and three levels of EC of the saturated paste extract (0, 0.7, or 5 dS m -1 ).
To date, soil salinity continues to be a major challenge for VWC measurements using different commercially available EM sensors. There remains a paucity of quantitative information with regard to the accuracy and reliability of these EM sensors in saline soils or in soils irrigated with recycled or reclaimed water. Various commercially available EM sensors that are widely used in turfgrass irrigation water management in recent years include, among other sensors, the Acclima Digital TDT Soil Moisture Sensor (hereinafter referred to as the Digital TDT sensor; Acclima Inc., Meridian, ID) and the Toro Turf Guard FDR Wireless Soil Monitoring System (referred to as the Turf Guard FDR sensor; The Toro Co., Riverside, CA). Among several critical concerns that must receive attention while measuring soil water content using these EM sensors include the evaluation of sensor's responses in a variety of soil types, and over a range of soil salinity levels. Therefore, the objective of this study was to investigate the accuracy of the Digital TDT and the Turf Guard FDR sensors in the loamy sand and loam soils at varying soil salinity (EC) levels.
MATERIALS AND METHODS

Experimental Setup
The study was conducted in the soil physics laboratory at New Mexico State University to test the accuracy and reliability of two EM sensors, the Acclima Digital TDT and the Toro Turf Guard FDR sensors, under saline soil conditions (expressed as EC of the saturated paste extract). The Digital TDT sensor (20.3 cm in length × 5.4 cm in width × 5.4 cm in height, 2-rod loop probe with the electronics contained in the probe head) includes wires that connect to a data recorder, which was provided with the sensors. The Digital TDT sensor relies on built-in computer software within the probe head that capture and analyze waveforms characteristic of the soil in which the probes are embedded. The average maximum passable frequency for the Digital TDT sensor is 1.23 GHz . The Turf Guard FDR is a sensor with a wireless configuration that requires no connection to a datalogger present in the field. Sensor signals are received by a repeater that is connected to the Internet and data from each sensor can be accessed in real-time from any internet-connected computer or from a web-enabled cell phone by connecting to the system's web-based interface. The probe measures 12.7 cm × 7.6 cm × 5.7 cm and is equipped with two sets of three 6.4 cm long stainless steel rods placed 7.5 cm apart. The Turf Guard FDR sensors operate at a frequency of 50 MHz.
Two replicates of each sensor were tested separately in two types of soil, a loamy sand and a loam, at varying soil salinity levels from 2 to 18 dS m -1 . Turfgrass salt tolerances are generally expressed based on EC of the saturated soil paste extract (e.g., Marcum 2006; Leinauer and Green, 2011) , and therefore, the soil salinity in this study was expressed as EC of the saturated paste extract. The loamy sand and loam soils were selected to represent major soil types on which turfgrasses are grown in the semiarid and arid southwestern USA. The topsoils (0-20 cm) collected from two fields were air-dried for 72 h and sieved to pass through a 2-mm screen. The undisturbed core and bulk soil samples were also collected to determine dry bulk density by the core method (Blake and Hartge, 1986) , particle-size distribution by the hydrometer method (Gee and Bauder, 1986) , saturated VWC and organic matter (Table 1) .
For evaluating the sensor performance in each soil type, the air-dried, sieved soil samples were first packed into a PVC soil column (24-cm diam. and 7-cm deep) to a desired bulk density measured in the field. The soil was added and compacted in small increments to ensure uniform bulk density throughout the soil column. Two sensors of each type were inserted into the soil column while carefully maintaining close contact between the soil and each sensor by slightly compressing the soil. The Toro sensor body was positioned vertically in the column which placed the rods horizontally into the surrounding soil. The Acclima sensor was positioned in the column on an angle which allowed the entire body to be covered by the soil. The different saline solutions were prepared by weighing out equivalent amounts of calcium chloride (CaCl 2 ) and sodium chloride (NaCl), and gradually dissolving them in distilled water (Ackerson and Youngner, 1975; Marcum and Pessarakli, 2006) until the desired level of EC was reached. The EC of each saline solution was determined with a standard conductivity cell (Fisher Accumet Model 20 pH/Conductivity Meter, Denver Instrument Co., Arvada, CO). The Digital TDT measurements were studied for EC levels of 2, 4, 6, 10, and 12 dS m -1 in the loamy sand and 3, 12, and 18 dS m -1 in the loam. The Turf Guard FDR measurements in saline soils were accomplished using EC levels of 3, 7, 12, and 18 dS m -1 and 2, 5, 8, and 12 dS m -1 for the loamy sand and loam soils, respectively.
For each salinity (EC) level, the packed soil column with two sensors inserted in it was wet from below with the saline solution to minimize entrapped air that could affect the sensor readings. The water level was allowed to rise to the soil surface in the column. The column top was covered with plastic wrap to prevent water losses from the surface, and was set aside for at least 24 h to reach equilibrium (i.e., saturation). Ten consecutive VWC (at saturation) readings were then taken with each sensor, and the mean value was used for analysis. Gravimetric samples from the soil column were taken as reference VWC measurements, were oven-dried at 105°C for 24 h, and were converted into VWC values using the dry soil bulk density obtained from field core samples. Simultaneously, the sample of a saturated-soil paste was taken to determine the EC of the extract using the Conductivity Meter.
Once the sensor readings at saturation were obtained, the soil column was again packed at the field bulk density with new air-dried, sieved soil samples. Two sensors were inserted vertically into the column, which was then saturated from the bottom with the saline solution with same EC level. The soil column with two sensors inserted in it was then placed in a pressure plate extractor (0-0.5 MPa; Model 1600, Soilmoisture Equipment Corp., Santa Barbara, CA). A pressure of 0.03 MPa was applied to the soil column for at least 24 h to force the removal of water held in the column up to the pressure setting. Equilibrium status was reached, when no more water outflow from the soil column was observed. The VWC measurements with the two sensors were then obtained, and the gravimetric-based VWC and EC of the saturated paste extract were determined. The same procedure, described above, was repeated for each of the 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35 MPa applied pressures to cover a wide range of VWC. Once sensor readings and gravimetric-based VWC measurements were completed for both soil types over the range of VWC and salinity levels studied, linear calibration equations of each sensor type were developed for both soil types.
Statistical Analysis
For each sensor type-soil type combination, data were analyzed using SAS version 9.3 software (SAS Institute Inc., Cary, NC). The initial analysis assumed a linear association between gravimetric-based and sensor-determined VWC levels and fitted separate lines for each sensor replicate within a salinity level. The model incorporated class variables for salinity, sensor (salinity) and a quantitative variable for the gravimetricbased VWC level. Model factors were initially specified as the gravimetric-based VWC, salinity, gravimetric-based VWC × salinity, sensor (salinity), and gravimetric-based VWC × sensor (salinity). Type I sums of squares were used to obtain sequential tests (SAS Institute Inc., 2011). If a model fitting a single line to each salinity level was deemed adequate, the reduced model was fit and further model reduction was considered in a sequential fashion with the model reduction stopping at the highest level term deemed significant.
Deleted studentized residuals from both the initial full model and the reduced model were plotted to assess model adequacy. When clearly indicated, the lack of fit was noted and the re-analysis fitting quadratic terms was briefly reported. For reduced models, generalized linear hypothesis testing was used to assess which salinity level's trends differed. Intercept and slope estimates were reported as estimate ± Standard Error (SE). The coefficient of determination (R 2 ) was used to describe the degree of linear association between the gravimetric-based VWC and sensor outputs. The root mean squared error (RMSE) of the regression was calculated to determine the accuracy of the calibration for each sensor. Significance was defined for p £ 0.05.
RESULTS AND DISCUSSION
The type I test applied to the initial model indicated that readings taken using the Digital TDT sensor replicates and the Turfguard sensor replicates did not differ from one another within the salinity levels for either soil type. Therefore, data was pooled over the two replicates. 
The Acclima Digital TDT Sensor
For the loamy sand, soil salinity did not affect the VWC readings when salinity levels were between 2 and 6 dS m -1 . As shown in Fig. 1 , a common model fit salinity levels of 2 through 6 dS m -1 , and a line with the same slope but a different intercept fit the salinity level of 10 dS m -1 . A separate line fit the salinity level of 12 dS m -1 .
For the loam, general linear hypothesis testing suggested that the intercepts differed for all three salinity levels, and the slope of the regression line for a salinity level of 3 dS m -1 was less than those for salinity levels of 12 and 18 dS m -1 (Fig. 2) . Also, there was no significant difference between the slopes for salinity levels of 12 and 18 dS m -1 . The residual plots generated for all salinity levels (data not shown) suggested a lack of fit for salinity levels of 12 and 18 dS m -1 despite a relatively high coefficient of determination for the individual linear regressions. The VWC values determined by the Digital TDT sensors fell above the fitted line at both the dry and the wet range, while the VWC values tended to be below the line in the mid-range. As shown in Fig. 2 , at the low end of gravimetric based VWC values, the lines for salinity levels of 12 and 18 dS m -1 are well below the line for 3 dS m -1 ; however, due to the higher slope, both lines intersect at the high end of the range of the reference VWC values. The contribution of the imaginary component to the TDT-measured apparent dielectric permittivity, which was not taken into account for coarse-grained soils, might result into VWC estimation errors under highly saline conditions in loam soil (e.g., Topp et al., 2000; Bittelli et al., 2008) . Hence, in a high saline loam soil, the digital TDT tended to underestimate the VWC to a greater extent (by 0.09 m 3 m -3 at 12 dS m -1 and 0.06 m 3 m -3 at 18 dS m -1 ) than the fitted line at the low through mid-range of the reference VWC values.
Results of regression analysis indicated a strong relationship between the Digital TDT readings and gravimetric based VWC values in the loamy sand and loam ( Fig. 1 and 2) . These results are consistent with the findings of Topp et al. (2003) , who reported a high linear response (R 2 = 0.99) between the square root of dielectric constant and TDT voltage output. Zheng et al. (2011) reported that a high degree of linearity existed between the voltage outputs from the TDT sensor and VWC of sandy, sandy loam, and loamy clay soils from dry to near saturation conditions. In our study, nonlinearity was also detectable as a significant quadratic term for the loamy sand at a salinity level of 12 dS m -1 (Fig. 1) . In the loam, nonlinearity was detectable as a significant quadratic term for both salinity levels of 12 and 18 dS m -1 . Such findings support those of Ebrahimi-Birang et al. (2006) , who also found a nonlinear relationship between the gravimetric based and TDR-determined VWC values at soil solution salinity levels >11.8 dS m -1 and VWC close to saturation. Sun et al. (2000) and Kargas et al. (2013) also found a curvilinear relationship between the reference VWC and TDR measurements, with the linearity decreasing as the EC of the saturated paste extract increased.
Sensor errors, as indicated by the RMSE with regard to the gravimetric and Digital TDT measurements, were comparable with previous studies. For example, Hignett and Evett (2008) suggested that the water content measurement accuracy needs to be within 0.01 to 0.02 m 3 m -3 in most agricultural and research applications. Following this recommendation, Varble and Chávez (2011) considered the RMSE < 0.035 m 3 m -3 as acceptable errors for evaluating the performance of the EM VWC sensors. Notably, the Digital TDT measurements indicated a higher accuracy in a loamy sand (RMSE = 0.0229 m 3 m -3 ) compared with a loam soil (RMSE = 0.0413 m 3 m -3 ). The VWC values determined by the Digital TDT sensors were estimated using the Topp equation (Topp et al., 1980) , which was originally derived on four different mineral soils. According to Topp and Davis (1985) , soils with a high percentage of clay attenuated the TDR signal, which made it difficult to determine the pulse's travel time consistently and accurately. They concluded that soils high in clay content exhibited greater data variation than sandy soils. Topp et al. (2000) , Gong et al. (2003) , and Bittelli et al. (2008) also indicated an overestimation of the TDR VWC measurements in saline clayey soils.
At low salinity levels, the slopes of the regression lines were estimated as 1.187 (±0.0311) and 1.002 (±0.076) for the loamy sand (£6 dS m -1 ) and loam (3 dS m -1 ) soils, respectively. These results support those of Topp et al. (2003) , who found that clay content influenced the slope of the sensor output-VWC relationship, however the differences were small among the mineral soils. Jacobsen and Schjønning (1993) reported a slight tendency for the soils with low clay content to have a higher apparent dielectric constant (i.e., higher VWC readings) at VWC values between 0.10 and 0.30 m 3 m -3 as compared with soils rich in clay. Another aspect to be noted was the difference in VWC (i.e., dielectric constants) due to their different soil bulk densities (Table 1) . Jacobsen and Schjønning (1993) demonstrated that at higher bulk densities dielectric constant values increased when compared with lower bulk densities. Similarly, Gong et al. (2003) and Zheng et al. (2011) reported an increase of the VWC with increasing soil bulk density.
Our findings suggest that a universal calibration might be applied for the Digital TDT measurements in the loamy sand at soil salinity levels ranging from 2 to 10 dS m -1 . Inoue et al. (2008) found that the TDR VWC readings were affected only when salinity in the soil solution was higher than 17 dS m -1 . The differences between the observed salinity ranges for which a universal calibration could be applied in this study and that reported by Inoue et al. (2008) might be attributed to the differences in soil texture and the instrument used. Wyseure et al. (1997) found the TDR measurement errors exceeded acceptable levels in different saline soils when EC of the saturated paste extract exceeded 8 to 10 dS m -1 , while Sun et al. (2000) stated a 10 dS m -1 limit in saline fine sands. In a study that examined TDR probes in sands over 0 to 40 dS m -1 pore water EC range, Hook et al. (2004) reported that the effect of soil salinity on VWC errors was not apparent until the EC reached 25 dS m -1 .
The Turf Guard FDR Sensor
For the loamy sand, the model reduction resulted in two linear models fitting a single common slope (1.156 ± 0.056). The intercept corresponding to a salinity level of 2 dS m -1 (0.0125 ± 0.014) differed from those corresponding to salinity levels of 8 and 12 dS m -1 (0.055 ± 0.010). Although the slope of the regression line for 5 dS m -1 did not differ from 2 and 8 and 12 dS m -1 , a visual examination of each of the regression lines suggested pooling with the higher salinity levels of 8 and 12 dS m -1 . The resulting model that included all three higher salinity levels of 5, 8, and 12 dS m -1 produced an intercept of 0.084 ± 0.014 (Fig. 3) .
For the loam, the model reduction resulted in a model fitting a single common slope (0.8393 ± 0.048), with separate intercepts (Fig. 4) . Intercepts for salinity levels from 7 through 18 dS m -1 were not significantly different from one another, but all differed significantly from the intercept corresponding to a salinity level of 3 dS m -1 . Therefore, a single calibration curve could be applied to salinity levels ranging from 7 to 18 dS m -1 (Fig. 4) . The final resulting model was fitted with one intercept for a salinity level of 3 dS m -1 (0.0163 ± 0.018) and another for salinity levels of 7, 12, and 18 dS m -1 (0.084 ± 0.014 m 3 m -3 ).
The different intercepts over a range of soil salinity levels for both soil types generally reflected higher readings due to the overestimation of the VWC, that is, dielectric permittivity of the soil, under saline conditions. However, results of the residual analysis for salinity levels of 5, 8, and 12 dS m -1 in the loamy sand revealed that measured values fell below the regression line at the lower end of the VWC spectrum. This indicated that the VWC was not being overestimated uniformly across the range of gravimetric based VWC values. Overall, in both soil types, the FDR sensor overestimated the VWC (by an average of 0.05 m 3 m -3 in the loam to 0.07 m 3 m -3 in the loamy sand). The lack of fits indicated that the overestimation was greater throughout the mid-range of reference VWC values ( Fig. 3 and 4) , where sensors overestimated the VWC even beyond the degree suggested by the intercept. Consistent with these findings are those of Kelleners et al. (2004) , who reported that the effect of soil salinity on the readings of capacitance probe sensors became apparent at higher VWC. In their study, when capacitance probe sensors were calibrated in a saline silty clay soil, the effect of dielectric losses became apparent at a VWC of 0.31 m 3 m -3 or higher. Kelleners et al. (2004) concluded that using capacitance probe sensors in wet saline soils might result in the loss of data because frequencies cannot always be converted into reliable VWC values in wet soils. Thompson et al. (2007) also observed that the capacitance sensor readings of VWC were 30% higher in soils (ranging from 0.23 to 0.28 m 3 m -3 ) to which a saline nutrient solution (EC of 6.5 dS m -1 ) had been added. In our study, the FDR sensor readings were never higher than 0.50 m 3 m -3 over the range of soil salinity levels tested, even in the loam, which resulted in limited interpretation of the sensor reliability under soil water conditions close to saturation. This might have contributed to a detectable lack of fit for higher salinity levels in the loam. For the loam at a salinity level of 7 dS m -1 , residual plots exhibited also a significant quadratic pattern. When salinity levels from 7 dS m -1 through 18 dS m -1 were pooled, sensor readings fell below the regression line at both high and low ends of the gravimetric based VWC spectrum and above the line throughout the midrange (Fig. 4) , and the quadratic term remained significant.
A significant linear regression could be established between the reference VWC and the FDR sensor responses at all salinity levels tested ( Fig. 3 and 4) . However, in both loamy sand and loam soils, the degree of linearity was greater at low salinity levels than at higher ones, where a quadratic term produced a better fit (not shown) than a linear relationship. As reported by Kelleners et al. (2004) , at salinity levels from 3 to 12 dS m -1 the fitted calibration equations for a capacitance sensor were linear; however, at 18 dS m -1 the equation required a higher order polynomial regression. Our findings also corroborate those of Inoue et al. (2008) , who found that the fitted equations obtained for two FDR sensors in a saline sandy soil were linear at low (<4 dS m -1 ) and medium salinity levels (4-10 dS m -1 ), but nonlinear at high salinity levels (>10 dS m -1 ).
Evaluating TDR measurements, Kelleners et al. (2005) attributed the overestimation of VWC at high soil salinity levels (measured as EC of the saturated paste extract) to the dielectric dispersion, which occurred when sensors operated at low frequencies. Gardener et al. (2001) found that for capacitance sensors operating at frequencies of <50 MHz the soil EC can influence the VWC measurements to a greater extent than sensors operating at higher frequencies. Thompson et al. (2007) reported that the VWC measurements obtained by the capacitance sensors operating at a frequency > 100 MHz were sensitive to soil salinity, and the increases in VWC were approximately 7% for each 1 dS m -1 increase in soil salinity.
CONCLUSIONS
Overall, compared with the gravimetric-based VWC, both Digital TDT and Turf Guard FDR sensors accurately measured the VWC under low soil salinity levels in both loamy sand and loam soils. The VWC determined by the TDT sensor in the loamy sand were not affected by soil salinity levels ranging from 2 to 10 dS m -1 . The TDT sensor underestimated the VWC (by 0.09 m 3 m -3 at 12 dS m -1 and 0.06 m 3 m -3 at 18 dS m -1 ) in the loam soil particularly at higher soil salinity levels (i.e., ³12 dS m -1 ). The TDT-determined VWC at a soil salinity level of 3 dS m -1 differed significantly from the VWC determined under highly saline conditions with soil salinity levels of 12 and 18 dS m -1 . At soil salinity levels ³ 12 dS m -1 , the TDT sensor might require recalibration in both soil types to determine VWC accurately. The FDR sensor overestimated the VWC in both soil types (by an average of 0.05 m 3 m -3 in the loam to 0.07 m 3 m -3 in the loamy sand), particularly over the mid-range of gravimetric-based VWC in the loamy sand when soil salinity levels were higher than 5 dS m -1 and in the loam when soil salinity levels were higher than 7 dS m -1 . Future work aimed at evaluating the simultaneous effects of soil salinity and temperature on VWC measurements with these commercially available EM sensors is suggested.
